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Mdphv Surxgpdq/ Edqn ri Hqjodqg
Vwhskhq Uhgglqj/ Orqgrq Vfkrro ri Hfrqrplfv dqg FHSU_
48wk Iheuxdu|/ 5333
Devwudfw
Wkhruhwlfdo prghov ri jurzwk dqg wudgh vxjjhvw wkdw sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq duh
g|qdplf dqg hyroyh hqgrjhqrxvo| ryhu wlph1 Lqlwldo frpsdudwlyh dgydqwdjhv duh hlwkhu uhlqirufhg ru
judgxdoo| xqzrxqg zlwk wkh sdvvdjh ri wlph1 Wklv sdshu sxwv iruzdug dq hpslulfdo iudphzrun iru
prghoolqj lqwhuqdwlrqdo wudgh g|qdplfv wkdw xvhv whfkqltxhv zlgho| hpsor|hg lq wkh furvv0frxqwu|
olwhudwxuh rq lqfrph frqyhujhqfh1 Dsso|lqj wklv iudphzrun wr lqgxvwu|0ohyho gdwd/ zh ￿qg hylghqfh
ri vljql￿fdqw gl￿huhqfhv lq lqwhuqdwlrqdo wudgh g|qdplfv dprqj wkh J8 hfrqrplhv1
M1H1O1 FODVVLILFDWLRQ= F43/I43/363
NH\ZRUGV= Glvwulexwlrq G|qdplfv/ Lqwhuqdwlrqdo Wudgh/ Pdunry Fkdlqv/ Uhyhdohg Frpsdudwlyh
Dgydqwdjh
WWkh ylhzv h{suhvvhg lq wklv sdshu duh wkrvh ri wkh dxwkruv dqg gr qrw qhfhvvdulo| uh hfw wkrvh ri wkh Edqn ri Hqjodqg1
Zh zrxog olnh wr wkdqn Pdu| Dplwl/ Dqguhz Ehuqdug/ Fkulvwrskhu Eolvv/ Jdylq Fdphurq/ Fhflold Jdufld0Shqdorvd/ Qljho
Mhqnlqvrq/ Vwhyh Qlfnhoo/ Gdqq| Txdk/ Dqguhz Vfrww/ Mrq Whpsoh/ Wrq| Yhqdeohv/ Shwhu Zhvwdzd|/ wzr dqrq|prxv
uhihuhhv/ dqg sduwlflsdqwv lq vhplqduv dw wkh Edqn ri Hqjodqg/ wkh Ur|do Hfrqrplf Vrflhw|/ wkh Hxurshdq Hfrqrplf
Dvvrfldwlrq/ dqg wkh Xqlyhuvlw| ri Qrwwlqjkdp iru wkhlu khosixo frpphqwv1 Zh duh judwhixo wr Mrq Whpsoh iru ￿uvw vxjjhvwlqj
wkh xvh ri irupdo lqglfhv ri prelolw|1 Zh duh dovr judwhixo wr Vdqgud Exool dqg Nhh Odz iru h{fhoohqw uhvhdufk dvvlvwdqfh/
dqg wr Pdun Wkluozhoo dqg Frolq Zhee iru wkhlu khos zlwk wkh gdwd1 Zh zrxog olnh wr wkdqn +zlwkrxw lpsolfdwlqj, Gdqq|
Txdk iru pdnlqj wkh WVUI hfrqrphwulfv sdfndjh dydlodeoh wr xv1 Doo uhvxowv/ rslqlrqv/ dqg huuruv duh wkh uhvsrqvlelolw|
ri wkh dxwkruv dorqh1
_Fruuhvsrqglqj dxwkru= Hfrqrplfv Ghsduwphqw/ Orqgrq Vfkrro ri Hfrqrplfv/ Krxjkwrq Vwuhhw/ Orqgrq1 ZF5D 5DH1
Who= 34:4 <88 :7;61 Id{= 34:4 ;64 4;731 H0pdlo= v1m1uhgglqjCovh1df1xn1 kwws=22hfrq1ovh1df1xn2￿vuhgglqj21
44 Lqwurgxfwlrq
Pxfk ri wkh h{lvwlqj hpslulfdo wudgh olwhudwxuh lv frqfhuqhg zlwk sdwwhuqv ri lqwhuqdwlrqdo wudgh dw d
srlqw lq wlph1 Wklv irfxv ri hpslulfdo zrun vwdqgv lq pdunhg frqwudvw zlwk wkh wkhruhwlfdo olwhudwxuh rq
jurzwk dqg wudgh/ zklfk hpskdvlvhv wkdw frpsdudwlyh dgydqwdjh lv g|qdplf dqg hyroyhv hqgrjhqrxvo|
ryhu wlph1 Wklv sdshu sursrvhv dq hpslulfdo iudphzrun iru dqdo|vlqj wkh hyroxwlrq ri sdwwhuqv ri
lqwhuqdwlrqdo wudgh ryhu wlph/ zklfk frqvlvwv ri wzr pdlq frpsrqhqwv1 Iluvw/ wkh h{whqw ri d frxqwu|*v
vshfldolvdwlrq lq dq lqglylgxdo lqgxvwu| lv phdvxuhg e| d prgl￿hg lqgh{ ri Uhyhdohg Frpsdudwlyh
Dgydqwdjh +UFD,1 D frxqwu|*v sdwwhuq ri lqwhuqdwlrqdo vshfldolvdwlrq dw d srlqw lq wlph lv wkhq ixoo|
fkdudfwhulvhg e| wkh glvwulexwlrq ri UFD dfurvv lqgxvwulhv1 Vhfrqg/ wkh g|qdplfv ri lqwhuqdwlrqdo
vshfldolvdwlrq fruuhvsrqg wr wkh hyroxwlrq ri wklv hqwluh furvv0vhfwlrq glvwulexwlrq ryhu wlph1 Zh hpsor|
d prgho ri glvwulexwlrq g|qdplfv iurp wkh furvv0frxqwu| jurzwk olwhudwxuh/ wkdw lv h{solflwo| vxlwhg wr
wkh dqdo|vlv ri wkh hyroxwlrq ri dq hqwluh glvwulexwlrq1
Zlwklq wklv hpslulfdo iudphzrun/ lw lv srvvleoh wr dgguhvv d ydulhw| ri lvvxhv uhodwlqj wr lqwhuqdwlrqdo
wudgh g|qdplfv1 Lq sduwlfxodu/ zh h{dplqh fkdqjhv lq frxqwulhv* ryhudoo ghjuhh ri vshfldolvdwlrq +wkh
hyroxwlrq ri wkh h{whuqdo vkdsh ri wkh glvwulexwlrq ri UFD, dqg wkh h{whqw wr zklfk lqlwldo sdwwhuqv ri
lqwhuqdwlrqdo vshfldolvdwlrq shuvlvw ryhu wlph +dq lvvxh ri lqwud0glvwulexwlrq g|qdplfv,1 Wkh wkhruhwlfdo
olwhudwxuh rq wudgh dqg jurzwk w|slfdoo| |lhogv dpeljxrxv frqfoxvlrqv frqfhuqlqj erwk wkhvh lvvxhv1
Rqh vwudqg ri wkh wkhruhwlfdo olwhudwxuh hpskdvlvhv wkh uroh ri idfwru dffxpxodwlrq lq ghwhuplqlqj wkh
hyroxwlrq ri lqwhuqdwlrqdo wudgh  rzv ryhu wlph +vhh iru h{dpsoh Ilqgod| +4<:3,/ +4<<8, dqg Ghdugru￿
+4<:7,,1 D vhfrqg vwudqg ri uhvhdufk vwuhvvhv wkh hqgrjhqhlw| ri whfkqrorjlfdo fkdqjh +vhh iru h{dpsoh
Jurvvpdq dqg Khospdq +4<<4,/ Nuxjpdq +4<;:,/ Oxfdv +4<;;,/ dqg Uhgglqj +4<<<,,1 D wklug erg| ri
zrun frqfhuqhg zlwk hfrqrplf jhrjudsk| xqghuolqhv wkh lpsruwdqfh ri djjorphudwlrq hfrqrplhv +vhh
lq sduwlfxodu Nuxjpdq +4<<4, dqg Ixmlwd hw do1 +4<<<,,1 Hdfk ri wkhvh vwudqgv ri wkhruhwlfdo uhvhdufk
lghqwl￿hv vrph irufhv wkdw ohdg wr shuvlvwhqfh lq sdwwhuqv ri lqwhuqdwlrqdo wudgh dqg rwkhuv wkdw hqjhqghu
prelolw|1 Iru h{dpsoh/ zlwklq wkh olwhudwxuh rq hqgrjhqrxv whfkqrorjlfdo fkdqjh/ vhfwru0vshfl￿f ohduqlqj
e| grlqj lv w|slfdoo| d irufh iru shuvlvwhqfh/ zkloh nqrzohgjh vslooryhuv ru whfkqrorj| wudqvihu jlyh ulvh
wr prelolw|1 Wkhuhiruh/ zkhwkhu lqwhuqdwlrqdo wudgh  rzv shuvlvw ru h{klelw prelolw| ryhu wlph +dqg
zkhwkhu wkhuh lv lqfuhdvlqj ru ghfuhdvlqj vshfldolvdwlrq ryhu wlph, lv dq hpslulfdo txhvwlrq1
Wkh remhfwlyh ri wklv sdshu lv wr sursrvh dq hpslulfdo iudphzrun iru prghoolqj lqwhuqdwlrqdo wudgh
g|qdplfv/ zlwklq zklfk lw lv srvvleoh wr dgguhvv lvvxhv vxfk dv shuvlvwhqfh yhuvxv prelolw| dqg fkdqjhv
lq wkh ghjuhh ri lqwhuqdwlrqdo vshfldolvdwlrq1 Wkh sdshu lv vwuxfwxuhg dv iroorzv1 Vhfwlrq 5 suhvhqwv d
wkhruhwlfdo prgho ri lqwhuqdwlrqdo wudgh dqg hqgrjhqrxv whfkqrorjlfdo fkdqjh/ wkdw frpelqhv hohphqwv
iurp Gruqexvfk hw do1 +4<::,/ Nuxjpdq +4<;:, dqg Ehuqdug dqg Mrqhv +4<<7/ 4<<9,1 Wkh remhfwlyh
ri wklv vhfwlrq lv wr looxvwudwh krz d suhflvho| vshfl￿hg hfrqrplf prgho |lhogv dpeljxrxv frqfoxvlrqv
5frqfhuqlqj zkhwkhu lqwhuqdwlrqdo wudgh  rzv h{klelw shuvlvwhqfh ru prelolw| ryhu wlph1 Dv vxfk/ lw
surylghv gluhfw prwlydwlrq iru wkh hpslulfdo dqdo|vlv wkdw iroorzv1 Vhfwlrq 6 lqwurgxfhv wkh hpslulfdo
iudphzrun= d frxqwu|*v sdwwhuq ri lqwhuqdwlrqdo vshfldolvdwlrq lv wkrxjkw ri dv d glvwulexwlrq dfurvv vhf0
wruv/ dqg lqwhuqdwlrqdo wudgh g|qdplfv fruuhsrqg wr wkh hyroxwlrq ri wkh hqwluh glvwulexwlrq ryhu wlph1
Wklv yhu| jhqhudo vshfl￿fdwlrq lv frqvlvwhqw zlwk d zlgh udqjh ri srvvleoh lqwhuqdwlrqdo wudgh g|qdplfv/
dqg doorzv xv wr ghwhuplqh wkh ghjuhh ri shuvlvwhqfh yhuvxv prelolw| lq sdwwhuqv ri lqwhuqdwlrqdo vshfldo0
lvdwlrq iurp wkh revhuyhg gdwd1 Odwhu Vhfwlrqv lpsohphqw wkh hpslulfdo iudphzrun xvlqj lqgxvwu|0ohyho
pdqxidfwxulqj gdwd iurp wkh J8 hfrqrplhv1
Wkh g|qdplfv ri sdwwhuqv ri lqwhuqdwlrqdo wudgh duh dqdo|vhg lq wzr vwdjhv1 Iluvw/ Vhfwlrq 7 xq0
ghuwdnhv wkh suholplqdu| gdwd dqdo|vlv1 Phdvxuhv ri UFD duh suhvhqwhg iru wkh pdqxidfwxulqj vhfwruv
ri Iudqfh/ Jhupdq|/ Mdsdq/ wkh Xqlwhg Nlqjgrp dqg wkh Xqlwhg Vwdwhv1 Wkh hyroxwlrq ri sdwwhuqv
ri lqwhuqdwlrqdo wudgh ryhu wlph lv dqdo|vhg judsklfdoo|1 Vhfrqg/ wkh prgho ri glvwulexwlrq g|qdplfv
lv hvwlpdwhg hfrqrphwulfdoo| lq Vhfwlrq 81 Wudqvlwlrq suredelolw| pdwulfhv duh suhvhqwhg iru hdfk ri
wkh J8 hfrqrplhv dqg iru wkh vdpsoh iruphg e| srrolqj revhuydwlrqv dfurvv hfrqrplhv1 Wkh h{whqw ri
shuvlvwhqfh dqg prelolw| lq sdwwhuqv ri lqwhuqdwlrqdo wudgh lv txdqwl￿hg xvlqj irupdo lqglfhv ri prelolw|1
Zh ￿qg hylghqfh ri vljql￿fdqw gl￿huhqfhv lq lqwhuqdwlrqdo wudgh g|qdplfv dprqj wkh J8 hfrqrplhv1
Iudqfh h{klelwv wkh prvw prelolw| dqg Mdsdq wkh ohdvw1 Mdsdq lv wkh rqo| J8 hfrqrp| wr h{shulhqfh dq
lqfuhdvh lq wkh ghjuhh ri lqwhuqdwlrqdo vshfldolvdwlrq ryhu wlph1 Vhfwlrq 9 vxppdulvhv rxu frqfoxvlrqv1
5 Wkhruhwlfdo prghoolqj ri wudgh g|qdplfv
Wklv Vhfwlrq suhvhqwv d vlpsoh wkhruhwlfdo prgho ri lqwhuqdwlrqdo wudgh dqg hqgrjhqrxv whfkqrorjlfdo
fkdqjh1 Wkh prgho xqfryhuv vrph irufhv wkdw ohdg wr shuvlvwhqfh lq sdwwhuqv ri lqwhuqdwlrqdo wudgh
dqg rwkhu frq lfwlqj lq xhqfhv wkdw whqg wr lqgxfh prelolw|1 Vwdwlf htxloleulxp lv ghwhuplqhg h{dfwo|
dv lq wkh vwdqgdug Ulfdugldq prgho zlwk d frqwlqxxp ri jrrgv +Gruqexvfk hw do1 +4<::,,1 Wkhuh duh
wzr hfrqrplhv +krph dqg iruhljq, dqg D￿￿ ghqrwhv wkh surgxfwlylw| ri oderxu lq vhfwru m ri hfrqrp|
l 5i K>Ij1 Hdfk hfrqrp| pd| surgxfh dq| ri d ￿{hg qxpehu ri jrrgv lqgh{hg e| m 5 ^3>q‘1D q
lqglylgxdo jrrg m zloo eh surgxfhg lq krph +K, li dqg rqo| li wkh xqlw frvw ri surgxflqj wkdw jrrg lq







zkhuh zM dqg z8 duh wkh krph dqg iruhljq zdjh udwhv uhvshfwlyho|1 Li zh ghqrwh krph surgxfwlylw|
uhodwlyh wr iruhljq e| E￿ ￿ DM￿@D8￿/ dqg lqgh{ jrrgv vr wkdw kljkhu ydoxhv ri m fruuhvsrqg wr orzhu
ydoxhv ri krph surgxfwlylw| uhodwlyh wr iruhljq +E￿,/ wkhq wkh uljkw0kdqg vlgh ri +4, pd| eh looxvwudwhg
gldjudppdwlfdoo| e| wkh grzqzdug vorslqj fxuyh lq Iljxuh 41 Jlyhq d ydoxh iru wkh krph uhodwlyh zdjh
6zM@z8/ doo jrrgv m ￿ a m lq Iljxuh 4 duh surgxfhg lq krph dqg doo jrrgv mAa m duh surgxfhg lq iruhljq1
a m ghqrwhv wkh olplw jrrg vxfk wkdw krph*v uhodwlyh zdjh lv h{dfwo| htxdo wr krph surgxfwlylw| uhodwlyh
wr iruhljq*v1
Lq vwdwlf htxloleulxp/ krph*v uhodwlyh zdjh lv slqqhg grzq e| wkh dgglwlrqdo uhtxluhphqw wkdw krph
lqfrph htxdov zruog h{shqglwxuh rq krph jrrgv +ru dowhuqdwlyho| wkdw wudgh lv edodqfhg,1 Xqghu wkh
dvvxpswlrq wkdw lqvwdqwdqhrxv xwlolw| lv d v|pphwulf/ Free0Grxjodv ixqfwlrq ri wkh frqvxpswlrq ri hdfk
jrrg m +zlwk wkh hodvwlflw| ri lqvwdqwdqhrxv xwlolw| zlwk uhvshfw wr wkh frqvxpswlrq ri hdfk jrrg htxdo
wr ￿,/ d frqvwdqw iudfwlrq ￿ ri zruog lqfrph lv vshqw rq hdfk jrrg surgxfhg lq krph1 Wkhuhiruh/ li wkh
udqjh ri jrrgv ^3>a m‘ lv surgxfhg lq krph/ wkh uhtxluhphqw wkdw krph lqfrph htxdov zruog h{shqglwxuh
rq krph jrrgv lv jlyhq e|/
zM=￿ OM @ a m￿=^zM ￿ OM .z8 ￿ O8‘
Wklv frqglwlrq pd| eh uh0h{suhvvhg dv/
￿M





zkhuh ￿ OM dqg ￿ O8 duh wkh krph dqg iruhljq vxssolhv ri oderxu uhvshfwlyho|1 Wkh uljkw0kdqg vlgh ri
htxdwlrq +5, +G￿ ￿, lv prqrwrqlfdoo| lqfuhdvlqj lq a m/ dqg surylghv d ghpdqg0vlgh uhodwlrqvkls ehwzhhq wkh
udqjh ri jrrgv surgxfhg lq krph dqg krph*v uhodwlyh zdjh +zM@z8,1 G￿ ￿ lv looxvwudwhg gldjudppdwlfdoo|
e| wkh xszdug vorslqj fxuyh lq Iljxuh 41 Vwdwlf htxloleulxp lv gh￿qhg e| wkh lqwhuvhfwlrq ri wkh wzr
fxuyhv/ zkhuh erwk +4, dqg +5, duh vdwlv￿hg1
Zlwklq wklv iudphzrun/ wkh hyroxwlrq ri sdwwhuqv ri lqwhuqdwlrqdo wudgh ryhu wlph lv ghwhuplqhg e|
udwhv ri whfkqrorjlfdo surjuhvv lq hdfk vhfwru ri wkh wzr hfrqrplhv1 Lq jhqhudo/ udwhv ri whfkqrorjlfdo
fkdqjh zloo wkhpvhoyhv eh hqgrjhqrxv/ dqgduh ghwhuplqhglqsduw e| wkh h{lvwlqj sdwwhuqri lqwhuqdwlrqdo
wudgh1 Wkh h{lvwlqj hpslulfdo olwhudwxuh vxjjhvwv d ydulhw| ri ghwhuplqdqwv ri hqgrjhqrxv whfkqrorjlfdo
fkdqjh> wkh dqdo|vlv khuh irfxvhv rq wkuhh vhwv ri lq xhqfhv1 Iluvw/ d zlgh udqjh ri hpslulfdo hylghqfh
h{lvwv wkdw ohduqlqj e| grlqj lv dq lpsruwdqw vrxufh ri surgxfwlylw| lpsuryhphqw +vhh/ iru h{dpsoh/
Oxfdv +4<<6,,1 Zh iroorz Nuxjpdq +4<;:, lq lqwurgxflqj vhfwru0vshfl￿f ohduqlqj e| grlqj lqwr wkh
Ulfdugldq prgho zlwk d frqwlqxxp ri jrrgv1 Wkh udwh ri ohduqlqj lv dvvxphg wr ghshqg xsrq hfrqrp|





µ Index of good j
Bj
D￿
wH/wFVhfrqg/ d ydulhw| ri fdvh vwxg| dqg hfrqrphwulf hylghqfh vxjjhvwv wkdw wudqvihuv ri whfkqrorj| ru
nqrzohgjh vslooryhuv duh dq lpsruwdqw vrxufh ri whfkqrorjlfdo fkdqjh +vhh iru h{dpsoh Urvhqehuj +4<;5,/
Frh dqg Khospdq +4<<8,/ dqg Nhoohu +4<<<,,1 Wkhuhiruh/ zh dovr doorz iru vslooryhuv ri surgxfwlrq
nqrzohgjh dfurvv hfrqrplhv1 Lq sduwlfxodu/ iroorzlqj Ehuqdug dqg Mrqhv +4<<7/ 4<<9,/ zh dvvxph wkdw
whfkqrorj| lq hdfk vhfwru pd| eh wudqvihuuhg iurp d ohdglqj wr d iroorzhu hfrqrp|1 Whfkqrorj| wudqvihu
lv dvvxphg wr rffxu dw d frqvwdqw sursruwlrqdo udwh +￿￿,/ vr wkdw hfrqrp| l*v udwh ri surgxfwlylw| jurzwk
lq vhfwru m lv lqfuhdvlqj lq wkh glvwdqfh ehwzhhq lwv ohyho ri surgxfwlylw| lq vhfwru m dqg wkh fruuhvsrqglqj
ohyho lq wkh hfrqrp| wkdw lv wkh whfkqrorjlfdo ohdghu lq vhfwru m1
Wklug/ lw lv sodxvleoh wkdw wkh udwh ri surgxfwlylw| jurzwk lq vhfwru m ru hfrqrp| l ghshqgv xsrq
d ydulhw| ri rwkhu revhuyhg dqg xqrevhuyhg fkdudfwhulvwlfv1 Zh sdudphwhulvh wkhvh revhuyhg dqg xq0
revhuyhg fkdudfwhulvwlfv e| d frqvwdqw +￿￿￿,/ wkdw ydulhv dfurvv hfrqrplhv dqg vhfwruv +d c￿{hg h￿hfw*,1













￿￿￿/ #￿￿/ ￿￿￿ ￿ 3 ;l>m
zkhuh Df￿ ghqrwhv surgxfwlylw| lq vhfwru m lq zklfkhyhu ri wkh wzr hfrqrplhv l 5i K>Ij lv wkh zruog*v
whfkqrorjlfdo ohdghu1 Li hfrqrp| K lv wkh whfkqrorjlfdo ohdghu lq vhfwru m/ DM￿ @ Df￿ dqg wkh wklug
whup rq wkh uljkw0kdqg vlgh ri htxdwlrq +6, lv }hur1 Lq wklv fdvh/ vhfwru0vshfl￿f ohduqlqj e| grlqj dqg
wkh frxqwu|0lqgxvwu| fkdudfwhulvwlfv hperglhg lq wkh ￿{hg h￿hfw surylgh wkh vroh srwhqwldo vrxufhv ri
surgxfwlylw| jurzwk1 Wkurxjkrxw wkh dqdo|vlv/ whfkqrorjlfdo fkdqjh lv prghoohg dv d sxuh h{whuqdolw|
ri fxuuhqw surgxfwlrq dqg lv wkhuhiruh frqvlvwhqw zlwk wkh dvvxpswlrq ri shuihfw frpshwlwlrq lq wkh
Ulfdugldq prgho1 Htxdwlrq +6, lpsolhv wkdw/ lq hdfk vhfwru m ri wkh wzr hfrqrplhv l/ wkh hyroxwlrq ri
















Wkh g|qdplfv ri lqwhuqdwlrqdo wudgh sdwwhuqv duh ixoo| fkdudfwhulvhg e| wkh vwdwlf htxloleulxp frqglwlrqv
+4, dqg +5,/ wrjhwkhu zlwk wkh vshfl￿fdwlrq ri surgxfwlylw| jurzwk lq htxdwlrqv +6, dqg +7,1 Lqlwldo ohyhov
ri surgxfwlylw| ghwhuplqh wkh sdwwhuq ri frpsdudwlyh dgydqwdjh dqg lqwhuqdwlrqdo vshfldolvdwlrq1 Wkh
sdwwhuq ri lqwhuqdwlrqdo vshfldolvdwlrq +zlwk lwv dvvrfldwhg doorfdwlrq ri oderxu dfurvv vhfwruv, wkhq d￿hfwv
udwhv ri surgxfwlylw| jurzwk dqg khqfh wkh hyroxwlrq ri lqwhuqdwlrqdo wudgh  rzv ryhu wlph1
Rq wkh rqh kdqg/ wkh suhvhqfh ri vhfwru0vshfl￿f ohduqlqj e| grlqj phdqv wkdw lqlwldo sdwwhuqv ri
lqwhuqdwlrqdo vshfldolvdwlrq zloo whqg wr eh uhlqirufhg ryhu wlph1 Rq wkh rwkhu kdqg/ whfkqrorjlfdo
9wudqvihu dqg gl￿huhqfhv lq wkh h{rjhqrxv udwhv ri surgxfwlylw| jurzwk dfurvv vhfwruv pd| erwk eh
uhvsrqvleoh iru uhyhuvlqj lqlwldo sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq 0 ghshqglqj xsrq wkh fruuhodwlrq
ehwzhhq lqlwldo ohyhov ri uhodwlyh surgxfwlylw| dqg wkh vwhdg|0vwdwh ohyhov lpsolflw lq htxdwlrq +7,1
Iru h{dpsoh/ frqvlghu wzr vshfldo fdvhv1 Iluvw/ vxssrvh wkdw wkhuh lv d frpprq udwh ri h{rjhqrxv
whfkqrorjlfdo fkdqjh dfurvv doo vhfwruv dqg hfrqrplhv +￿M￿ @ ￿8￿ @ ￿ iru doo m, dqg qr lqwhuqdwlrqdo
nqrzohgjh vslooryhuv +￿￿ @3iru doo m,1 Vwdwlf htxloleulxp dw wlph w lpsolhv wkdw krph zloo vshfldolvh
frpsohwho| lq wkh surgxfwlrq ri wkh udqjh ri jrrgv m 5 ^3>a m‘ dqg iruhljq lq jrrgv m 5 +a m>q‘1 Lw iroorzv
lpphgldwho|/ iurp +6, dqg wkh sdudphwhu uhvwulfwlrqv lpsrvhg deryh/ wkdw krph surgxfwlylw| uhodwlyh
wr iruhljq zloo ulvh lq wkh vhfwruv zkhuh krph lqlwldoo| vshfldolvhv dqg idoo lq wkh vhfwruv zkhuh krph
grhv qrw lqlwldoo| vshfldolvh1 Dv d uhvxow/ lqlwldo sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq shuvlvw dqg zloo
ehfrph lqfuhdvlqjo| orfnhg0lq ryhu wlph +dv lq Nuxjpdq +4<;:,,1
Vhfrqg/ vxssrvh wkdw wkhuh lv qr vhfwru0vshfl￿f ohduqlqj e| grlqj +#￿ @3iru doo m,> qrqhwkhohvv/
h{rjhqrxv whfkqrorjlfdo surjuhvv rffxuv dw ydu|lqj udwhv dfurvv vhfwruv dqg hfrqrplhv +￿￿￿ A 3 iru doo
l>m/ ￿M￿ 9@ ￿8￿ iru doo m, dqg lv dffrpsdqlhg e| nqrzohgjh vslooryhuv +￿￿ A 3 iru doo m,1 Vxssrvh dovr
wkdw wkrvh vhfwruv lq zklfk krph surgxfwlylw| lv lqlwldoo| ohvv wkdq iruhljq duh wkh vdph vhfwruv lq zklfk
￿M A￿ 8/ dqg wkdw wkh frqyhuvh lv dovr wuxh1 Wkhq/ iurp htxdwlrq +7,/ vhfwruv zkhuh krph surgxfwlylw|
lv lqlwldoo| ohvv wkdq iruhljq zloo ehfrph 0 lq vwhdg|0vwdwh 0 vhfwruv lq zklfk krph surgxfwlylw| h{fhhgv
iruhljq1 Wklv lv vx!flhqw +wkrxjk qrw qhfhvvdu|, iru lqlwldo sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq wr eh
uhyhuvhg ryhu wlph1
Wkxv/ wklv prgho ri lqwhuqdwlrqdo wudgh dqg hqgrjhqrxv whfkqrorjlfdo fkdqjh lghqwl￿hv vrph irufhv
wkdw ohdg wr shuvlvwhqfh lq sdwwhuqv ri lqwhuqdwlrqdo wudgh dqg rwkhuv wkdw jlyh ulvh wr prelolw|1 Vlplodu
uhvxowv pd| eh rewdlqhg zlwklq wkhruhwlfdo iudphzrunv wkdw hpskdvlvh hlwkhu idfwru dffxpxodwlrq +vhh
iru h{dpsoh Ghdugru￿ +4<:7, dqg Ilqgod| +4<:3,/ +4<<8,, ru hfrqrplf jhrjudsk| +vhh iru h{dpsoh
Nuxjpdq +4<<4, dqg Ixmlwd hw do1 +4<<<,,1 Zkhwkhu lqwhuqdwlrqdo wudgh  rzv shuvlvw ru h{klelw prelolw|
ryhu wlph lv xowlpdwho| dq hpslulfdo txhvwlrq/ dqg zh uhtxluh dq hpslulfdo iudphzrun vx!flhqwo| jhqhudo
dv wr hqfrpsdvv erwk srvvlelolwlhv1 Wklv sdshu sursrvhv vxfk dq hpslulfdo iudphzrun1
:6 Hpslulfdo prghoolqj ri wudgh g|qdplfv
Wklv Vhfwlrq lqwurgxfhv wkh hpslulfdo iudphzrun iru dqdo|vlqj wkh g|qdplfv ri lqwhuqdwlrqdo wudgh  rzv1
Wkh h{whqw ri dq hfrqrp|*v vshfldolvdwlrq lq dqlqglylgxdo vhfwru lv fkdudfwhulvhg xvlqj d prgl￿hg yhuvlrq
ri Edodvvd*v +4<98, lqgh{ ri Uhyhdohg Frpsdudwlyh Dgydqwdjh +UFD,14Dq hfrqrp| l*v UFD lq vhfwru












zkhuh ]￿￿ ghqrwhv wkh ydoxh ri hfrqrp| l*v h{sruwv lq vhfwru m1
UFD |lhogv lqirupdwlrq derxw wkh sdwwhuq ri lqwhuqdwlrqdo vshfldolvdwlrq lqvridu dv lw hydoxdwhv dq
hfrqrp|*v h{sruw vkduh lq dq lqglylgxdo vhfwru uhodwlyh wr vrph ehqfkpdun 0 qdpho|/ wkh hfrqrp|*v
dyhudjh h{sruw vkduh lq doo vhfwruv1 Wkh sdwwhuq ri lqwhuqdwlrqdo vshfldolvdwlrq dw dq| rqh srlqw lq wlph
w lv fkdudfwhulvhg e| wkh glvwulexwlrq ri UFD dfurvv vhfwruv1 D ydoxh ri UFD￿￿ deryh xqlw| lqglfdwhv
dq lqgxvwu| lq zklfk hfrqrp| l*v vkduh ri h{sruwv h{fhhgv lwv dyhudjh vkduh lq doo lqgxvwulhv= wkdw lv/ dq
lqgxvwu| lq zklfk hfrqrp| l vshfldolvhv1
Hydoxdwlqj wkh g|qdplfv ri sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq ryhu wlph lqyroyhv dq dqdo|vlv
ri wkh hyroxwlrq ri wkh hqwluh furvv0vhfwlrq glvwulexwlrq ri UFD1 Lvvxhv vxfk dv shuvlvwhqfh yhuvxv
prelolw| lq lqwhuqdwlrqdo wudgh  rzv fruuhvsrqg wr txhvwlrqv ri lqwud0glvwulexwlrq g|qdplfv1Z k d w l v
wkh suredelolw| wkdw d vhfwru pryhv iurp rqh txduwloh ri wkh UFD glvwulexwlrq wr dqrwkhu B Duh wkh
vhfwruv lq zklfk UFD￿￿ A 4 dw wlph w.n +n ￿ 4, wkh vdph vhfwruv dv dw wlph w B Fkdqjhv lq wkh ryhudoo
ghjuhh ri lqwhuqdwlrqdo vshfldolvdwlrq pd| eh hydoxdwhg e| dqdo|vlqj wkh hyroxwlrq ri wkh h{whuqdo vkdsh
ri wkh UFD glvwulexwlrq1 Gr zh revhuyh dq lqfuhdvlqj vshfldolvdwlrq lq d olplwhg vxevhw ri lqgxvwulhv
+d srodulvdwlrq ri wkh UFD glvwulexwlrq wrzdugv h{wuhph ydoxhv,/ ru kdv wkh ghjuhh ri lqwhuqdwlrqdo
vshfldolvdwlrq uhpdlqhg eurdgo| xqfkdqjhg B
Wkh hyroxwlrq ri wkh UFD glvwulexwlrq ryhu wlph pd| eh prghoohg irupdoo|/ hpsor|lqj whfkqltxhv
douhdg| xvhg lq wkh furvv0frxqwu| jurzwk olwhudwxuh wr dqdo|vh lqfrph frqyhujhqfh +vhh Txdk +4<<6,/
+4<<9d, dqg +4<<9f,,1 Wkxv/ ghqrwh UFD e| wkh phdvxuh { dqglwv glvwulexwlrqdfurvv vhfwruv dw wlph w e|
I|+{,1 Fruuhvsrqglqj wr I|/ zh pd| gh￿qh d suredelolw| phdvxuh ￿| zkhuh ; { 5? / ￿|++￿4>{‘, @ I|+{,1
Iroorzlqj Txdk rs flw1/ wkh hyroxwlrq ri wkh glvwulexwlrq ri UFD ryhu wlph lv wkhq prghoohg lq whupv
ri d vwrfkdvwlf gl￿huhqfh htxdwlrq/
￿| @ SW+￿|3￿>x |,> lqwhjhu w +9,
zkhuh ix| = lqwhjhu wj lv d vhtxhqfh ri glvwxuedqfhv dqg SW lv dq rshudwru wkdw pdsv glvwxuedqfhv
dqg suredelolw| phdvxuhv lqwr suredelolw| phdvxuhv1 Iru vlpsolflw|/ zh dvvxph wkdw wklv vwrfkdvwlf
;gl￿huhqfh htxdwlrq lv ￿uvw0rughu dqg wkdw wkh rshudwru SW lv wlph lqyduldqw1 Hyhq vr/ htxdwlrq +9, lv
lqwudfwdeoh dqg fdqqrw eh gluhfwo| hvwlpdwhg1 Krzhyhu/ vhwwlqj wkh glvwxuedqfhv x wr }hur dqg lwhudwlqj
wkh vwrfkdvwlf gl￿huhqfh htxdwlrq iruzdugv/ zh rewdlq/





Li wkh vsdfh ri srvvleoh ydoxhv ri UFD lv glylghg lqwr d qxpehu ri glvwlqfw/ glvfuhwh fhoov/ SW ehfrphv
d pdwul{ ri wudqvlwlrq suredelolwlhv zklfk pd| eh hvwlpdwhg e| frxqwlqj wkh qxpehu ri wudqvlwlrqv
rxw ri dqg lqwr hdfk fhoo16Iurp wkhvh wudqvlwlrq suredelolwlhv/ rqh lv deoh wr fkdudfwhulvh wkh h{whqw ri
prelolw| ehwzhhq gl￿huhqw vhjphqwv ri wkh UFD glvwulexwlrq1 Ixuwkhupruh/ e| wdnlqj wkh olplw v $4
lq htxdwlrq +:,/ rqh rewdlqv wkh lpsolhg hujrglf ru vwdwlrqdu| UFD glvwulexwlrq1 Wklv lv vlpso| wkh
hljhqyhfwru dvvrfldwhg zlwk wkh odujhvw hljhqydoxh ri wkh wudqvlwlrq suredelolw| pdwul{ +vhh iru h{dpsoh
Nduolq dqg Wd|oru +4<:8,,/ dqg surylghv lqirupdwlrq frqfhuqlqj wkh hyroxwlrq ri wkh h{whuqdo vkdsh ri
wkh UFD glvwulexwlrq1
7 Suholplqdu| gdwd dqdo|vlv
Wkh hpslulfdo phwkrgrorj| rxwolqhg deryh lv xvhg lq wkh uhpdlqghu ri wklv sdshu wr dqdo|vh wkh hyroxwlrq
ri sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq lq wkh pdqxidfwxulqj vhfwruv ri wkh J81 Wkh whfkqltxhv xvhg
hqdeoh d zlgh udqjh ri lvvxhv frqfhuqlqj lqwhuqdwlrqdo wudgh g|qdplfv wr eh dgguhvvhg1 Zh frqvlghu
wkh h{whqw wr zklfk wkhuh duh fkdqjhv lq sdwwhuqv ri vshfldolvdwlrq ryhu wlph dqg dw zkdw ohyhov ri
vshfldolvdwlrq wkh juhdwhvw ghjuhh ri prelolw| lv revhuyhg1 Lw lv srvvleoh wr h{dplqh zkhwkhu lqwhuqdwlrqdo
wudgh g|qdplfv duh gl￿huhqw lq wkh XV iurp Mdsdq ru wkh pdmru Hxurshdq hfrqrplhv1 Zh hydoxdwh wkh
ghjuhh wr zklfk hdfk hfrqrp| lv lqfuhdvlqjo| vshfldolvlqj lq vpdoo vxe0vhwv ri pdqxidfwxulqj vhfwruv1
Wklv Vhfwlrq suhvhqwv wkh UFD gdwd rq sdwwhuqv ri vshfldolvdwlrq lq wkh J8 hfrqrplhv/ dqg orrnv
lqirupdoo| dw fkdqjhv lq lqwhuqdwlrqdo vshfldolvdwlrq ryhu wlph1 Wkh iroorzlqj Vhfwlrq hvwlpdwhv wkh
irupdo prgho ri glvwulexwlrq g|qdplfv hfrqrphwulfdoo|1 Wkh vrxufh iru doo wkh gdwd lv wkh RHFG*v
Elodwhudo Wudgh Gdwdedvh +EWG,1 Wklv surylghv frqvlvwhqw lqirupdwlrq rq h{sruwv wr wkh RHFG dqg
48 wudgh sduwqhuv iru 55 pdqxidfwxulqj lqgxvwulhv iru wkh shulrg 4<:30<617Zh ehjlq e| fkdudfwhulvlqj
wkh glvwulexwlrq ri UFD dw dq| rqh srlqw lq wlph lq wkh Xqlwhg Nlqjgrp dqg wkh Xqlwhg Vwdwhv/ ehiruh
zlghqlqj wkh dqdo|vlv wr hqfrpsdvv wkh rwkhu wkuhh phpehuv ri wkh J81 Wdeoh 4 suhvhqwv phdvxuhv ri
UFD iru wkh Xqlwhg Nlqjgrp lq hdfk ri wkh 55 pdqxidfwxulqj lqgxvwulhv lq wkh vdpsoh iru wkh shulrg
4<:30<61 Iru hdvh ri h{srvlwlrq/ wkh gdwd duh suhvhqwhg lq wkh irup ri ￿yh0|hdu dyhudjhv1
<Wdeoh 4= UFD lq wkh Xqlwhg Nlqjgrp
Lqgxvwu| 4<:307 4<:80< 4<;307 4<;80< 4<<306
Irrg dqg Gulqn 31:4 31;3 31;: 31;7 31<6
Wh{wlohv dqg Forwklqj 31<6 31<3 31;7 31:; 31:<
Wlpehu dqg Ixuqlwxuh 3155 3168 3165 315; 315<
Sdshu dqg Sulqwlqj 3187 318; 3195 3195 31;3
Lqgxvwuldo Fkhplfdov 31<9 4137 4149 4149 414:
Skdupdfhxwlfdov 4179 4177 4187 4184 4194
Shwurohxp Uh￿qlqj 4143 414; 415: 415: 4169
Uxeehu dqg Sodvwlf 31<9 31<; 4135 31<4 31<8
Qrq0phwdoolf Plqhudov 31<; 31<7 31;7 31:< 31;4
Ihuurxv Phwdov 318; 3183 3184 319< 31;<
Qrq0ihuurxv Phwdov 415: 4146 4154 31<9 31<;
Phwdo Surgxfwv 4145 31<; 31<9 31;6 31;5
Qrq0hohfwulfdo Pdfklqhu| 4145 413: 4145 31<: 31<6
Frpsxwhuv 413; 4154 414< 4166 4186
Hohfwulfdo Pdfklqhu| 4136 31<9 31<< 31;9 31;7
Frppxqlfdwlrq 31:5 31:: 31:5 31:: 4135
Vklsexloglqj 318< 3194 3185 41;8 31<7
Rwkhu Wudqvsruw 31:5 3194 3194 3175 3173
Prwru Yhklfohv 31<7 31:; 3195 317; 319:
Dhurvsdfh 417< 419; 41<; 41:7 4196
Lqvwuxphqwv 4133 31<: 4148 413< 413:
Rwkhu Pdqxidfwxulqj 517; 5183 41<6 41;8 418:
Phdq 4133 4133 4133 4133 4133
H{dfwo| wkh vdph dqdo|vlv pd| eh xqghuwdnhq iru hdfk ri wkh rwkhu irxu phpehuv ri wkh J81 Wdeohv
5 dqg 6 olvw wkh lqgxvwulhv lq zklfk UFD h{fhhgv rqh lq hlwkhu ru erwk ri wkh shulrgv 4<:307 dqg
4<<306 iru hdfk ri wkh J8 hfrqrplhv18Zkloh wkh J8 hfrqrplhv* sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq
vkrz vrph vlplodulwlhv/ wkhuh duh dovr lpsruwdqw gl￿huhqfhv1 Iru h{dpsoh/ gxulqj wkh shulrg 4<:307/
lqgxvwulhv lq zklfk wkh Xqlwhg Nlqjgrp kdg dq UFD dqg wkh Xqlwhg Vwdwhv glg qrw zhuh Shwurohxp
Uh￿qlqj/ Phwdo Surgxfwv/ Qrqihuurxv Phwdov/ Skdupdfhxwlfdov dqg Rwkhu Pdqxidfwxulqj1 Gxulqj wkh
vdph shulrg/ lqgxvwulhv lq zklfk wkh XV kdg dq UFD/ exw wkh XN glg qrw/ zhuh Prwru Yhklfohv dqg
Frppxqlfdwlrq1 Wdeohv 5 dqg 6 dovr pdnh fohdu wkdw wkh lghqwlw| ri lqgxvwulhv lq zklfk dq hfrqrp|
kdv dq UFD fkdqjhv ryhu wlph> lqgxvwulhv lq zklfk dq UFD lv hlwkhu dftxluhg ru orvw gxulqj wkh vdpsoh
shulrg duh ghqrwhg e| lwdolfv1
43Wdeoh 5= UFD lq wkh Xqlwhg Nlqjgrp dqg Xqlwhg Vwdwhv
Frxqwu| Lqgxvwu| 4<:307 4<<306













































Irrg dqg Gulqn ￿
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lqglfdwhv UFDlm ￿ 4/ ￿ lqglfdwhv UFDlm ? 4
Frpsdulqj wkh shulrgv 4<:307 dqg 4<<306/ wkh Xqlwhg Nlqjgrp orvw lwv UFD lq Hohfwulfdo Pdfklqhu|/
Qrq0hohfwulfdo Pdfklqhu|/ Phwdo Surgxfwv dqg Qrq0ihuurxv Phwdov/ exw jdlqhg dq UFD lq Lqgxvwuldo
Fkhplfdov dqg Frppxqlfdwlrq1 Frpsdulqj wkh vdph wzr shulrgv/ wkh Xqlwhg Vwdwhv orvw dq UFD lq
Prwru Yhklfohv/ exw dftxluhg dq UFD lq Irrg dqg Gulqn dqg Sdshu dqg Sulqwlqj1 Fkdqjhv lq sdwwhuqv
ri lqwhuqdwlrqdo vshfldolvdwlrq duh revhuyhg lq hdfk ri wkh uhpdlqlqj J8 hfrqrplhv1 Wkh fdvh ri Mdsdq
lv sduwlfxoduo| zruwk| ri qrwh/ zkhuh dq UFD lv orvw lq Uxeehu dqg Sodvwlf/ Wh{wlohv dqg Forwklqj
dqg Rwkhu Pdqxidfwxulqj/ dqg dq UFD lv dftxluhg lq Qrq0hohfwulfdo Pdfklqhu|/ Hohfwulfdo Pdfklqhu|/
Prwru Yhklfohv dqg Frpsxwhuv1 Iurp wkhvh wzr wdeohv dorqh/ sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq lq
Iudqfh dqg Jhupdq| dsshdu wr eh ohvv preloh wkdq wkrvh lq Mdsdq dqg wkh Xqlwhg Nlqjgrp1
Zkloh wdeohv 5 dqg 6 surylgh rqh phdqv ri dqdo|vlqj wkh g|qdplfv ri lqwhuqdwlrqdo vshfldolvdwlrq dqg
|lhog vrph lqwhuhvwlqj lqirupdwlrq/ wkh frqfoxvlrqv wkdw pd| eh gudzq duh qhfhvvdulo| olplwhg1 Iluvw/
wkh dqdo|vlv lv frqfhuqhg zlwk rqo| wzr ri wkh ￿yh0|hdu shulrgv1 Vhfrqg dqg pruh lpsruwdqwo|/ e|
uhvwulfwlqj dwwhqwlrq wr pryhphqwv ri UFD deryh ru ehorz wkh ydoxh ri rqh/ rqh orvhv d ydvw dprxqw
ri lqirupdwlrq rq fkdqjhv lq wkh ghjuhh ri vshfldolvdwlrq lq lqglylgxdo lqgxvwulhv1 Pryhphqwv ehwzhhq
rwkhu vhjphqwv ri wkh UFD glvwulexwlrq duh dovr ri lqwhuhvw1 Iru h{dpsoh/ ehwzhhq 4<:307 dqg 4<;307/
UFD lq wkh XV Wh{wlohv dqg Forwklqj urvh wr 4:6( ri lwv ruljlqdo ydoxh/ zkloh wkdw lq wkh XV Ihuurxv
Phwdov lqgxvwu| ihoo wr 97( ri lwv lqlwldo ydoxh1 Qhlwkhu ri wkhvh vxevwdqwldo fkdqjhv lq sdwwhuqv ri
lqwhuqdwlrqdo vshfldolvdwlrq hqwhuv lqwr Wdeoh 51
44Wdeoh 6= UFD lq Iudqfh/ Jhupdq|/ dqg Mdsdq


















































Wh{wlohv dqg Forwklqj ￿
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lqglfdwhv UFDlm ￿ 4/ ￿ lqglfdwhv UFDlm ? 4
Wkh hfrqrphwulf whfkqltxhv hpsor|hg lq wklv sdshu dqdo|vh wkh hyroxwlrq ri wkh hqwluh glvwulexwlrq ri
UFD ryhu wlph/ dqg wkhuhiruh ryhufrph erwk olplwdwlrqv1 Ehiruh surfhhglqj wr wkh hfrqrphwulf hvwlpd0
wlrq/ zh suhvhqw wkh uhvxowv ri dq lqirupdo judsklfdo dqdo|vlv ri wkh hyroxwlrq ri wkh hqwluh glvwulexwlrq
ri UFD1 Wklv lv xqghuwdnhq iru wkh Xqlwhg Nlqjgrp lq Iljxuhv 50:1 Lq Iljxuh 5/ XN lqgxvwulhv duh
rughuhg lq whupv ri lqfuhdvlqj ￿yh0|hdu dyhudjhg UFD iru wkh shulrg 4<:307/ dqg ghyldwlrqv ri UFD
iurp wkh ydoxh ri 4 duh judskhg1 D ydoxh ri }hur rq wkh |0d{lv wkhuhiruh fruuhvsrqgv wr dq UFD ri
4/ zkloh lqgxvwulhv lq zklfk wkh Xqlwhg Nlqjgrp vshfldolvhv duh vkrzq e| srvlwlyh ghyldwlrqv ri UFD
iurp wkh ydoxh 41 Iljxuh 5 vlpso| suhvhqwv wkh lqirupdwlrq lq Wdeoh 4 judsklfdoo|/ dqg fruuhvsrqgv wr
wkh furvv0vhfwlrq glvwulexwlrq ri UFD gxulqj 4<:3071 Iljxuhv 6/ 7/ 8 dqg 9 suhvhuyh wkh vdph rughulqj
ri lqgxvwulhv dqg judsk ghyldwlrqv ri UFD iurp 4 iru wkh shulrgv 4<:80:</ 4<;307/ 4<;80< dqg 4<<306
45uhvshfwlyho|1 Iljxuh : uh0rughuv lqgxvwulhv lq whupv ri lqfuhdvlqj UFD iru wkh shulrg 4<<306/ dqg djdlq
judskv wkh furvv0vhfwlrq glvwulexwlrq ri UFD lq wkh irup ri ghyldwlrqv iurp d ydoxh ri 41
Wdnhq wrjhwkhu/ Iljxuhv 509 |lhog lqirupdwlrq frqfhuqlqj lqwud0glvwulexwlrq g|qdplfv1 Li sdwwhuqv ri
lqwhuqdwlrqdo vshfldolvdwlrq lq wkh Xqlwhg Nlqjgrp h{klelwhg shuvlvwhqfh/ rqh zrxog h{shfw wkh glvwule0
xwlrq ri UFD wr uhpdlq vlplodu dfurvv vxffhvvlyh wlph shulrgv1 Lqgxvwulhv zlwk kljk ydoxhv ri UFD lq
4<:307 zrxog dovr kdyh kljk ydoxhv ri UFD lq 4<<3061 Lq idfw/ zkdw rqh revhuyhv/ dv rqh pryhv ehwzhhq
wkh ￿jxuhv/ lv frqvlghudeoh prelolw| lq wkh Xqlwhg Nlqjgrp*v sdwwhuq ri lqwhuqdwlrqdo vshfldolvdwlrq1
Wklv lv sduwlfxoduo| wuxh lq wkh plggoh ri wkh glvwulexwlrq1 Iru h{dpsoh/ ehwzhhq 4<:307 dqg 4<;80</ wkh
XN*v UFD lq Prwru Yhklfohv ihoo iurp 31<7 wr 317;/ ehiruh ulvlqj wr 319: lq 4<<3061 Wkh vdph h{huflvh
fdq eh xqghuwdnhq iru hdfk ri wkh J8 hfrqrplhv= lqgxvwulhv duh rughuhg lq whupv ri lqfuhdvlqj UFD
iru wkh shulrg 4<:307/ dqg wkh furvv0vhfwlrq glvwulexwlrq ri UFD lq vxffhvvlyh wlph shulrgv lv judskhg1
Lq hdfk fdvh/ zh ￿qg hylghqfh ri fkdqjhv lq wkh glvwulexwlrq ri UFD ryhu wlph 0 d ￿qglqj wkdw zloo eh
frq￿uphg lq wkh hfrqrphwulf dqdo|vlv wr iroorz1
Zh dovr h{dplqh fkdqjhv lq frxqwulhv* ryhudoo ghjuhh ri lqwhuqdwlrqdo vshfldolvdwlrq +wkh hyroxwlrq ri
wkh h{whuqdo vkdsh ri wkh UFD glvwulexwlrq,1 Rqh zd| ri dgguhvvlqj wklv lvvxh lv wr dqdo|vh wkh hyroxwlrq
ri wkh vdpsoh vwdqgdug ghyldwlrq ri UFD ryhu wlph19Wdeoh 7 suhvhqwv vdpsoh vwdqgdug ghyldwlrqv ri
￿yh0|hdu dyhudjhg UFD gdwd dfurvv lqgxvwulhv iru hdfk ri wkh J8 hfrqrplhv dqg wkh srrohg vdpsoh1
D frpsohwh devhqfh ri vshfldolvdwlrq fruuhvsrqgv wr dq htxdo vkduh ri h{sruwv lq doo vhfwruv= wkdw lv/
dq UFD ri 4 lq doo vhfwruv zlwk }hur vwdqgdug ghyldwlrq1 Lq irxu ri wkh ￿yh J8 hfrqrplhv dqg wkh
srrohg vdpsoh/ zh revhuyh d ghfolqh lq wkh vdpsoh vwdqgdug ghyldwlrq ri UFD ryhu wlph/ zkloh wkh
odwwhu uhpdlqv urxjko| frqvwdqw lq Iudqfh1 Lq lwvhoi/ wklv vxjjhvwv wkhuh zdv d ghfolqh lq wkh ghjuhh ri
lqwhuqdwlrqdo vshfldolvdwlrq gxulqj wkh vdpsoh shulrg1 Krzhyhu/ wkh vdpsoh vwdqgdug ghyldwlrq ri UFD
lv qrw/ lq jhqhudo/ d vxppdu| vwdwlvwlf iru wkh h{whuqdo vkdsh ri wkh hqwluh glvwulexwlrq1 Dq dqdo|vlv
ri wkh hyroxwlrq ri wkh vdpsoh vwdqgdug ghyldwlrq ri UFD ryhu wlph pd| wkhuhiruh |lhog plvohdglqj
frqfoxvlrqv derxw fkdqjhv lq hfrqrplhv* ryhudoo ghjuhh ri lqwhuqdwlrqdo vshfldolvdwlrq1
Wdeoh 7= Vwdqgdug Ghyldwlrqv ri ￿yh0|hdu dyhudjhg UFD
4<:307 4<:80< 4<;307 4<;80< 4<<306
Srrohg Vdpsoh 3193 318< 3189 3189 3184
Iudqfh 3165 3159 315< 3164 3165
Jhupdq| 316; 3164 3163 3166 315<
Mdsdq 31<5 31<9 31<7 31;: 31;8
Xqlwhg Nlqjgrp 3178 3176 3176 3177 3169

























)LJXUH ￿￿ ’HYLDWLRQV RI 5&$ IURP ￿￿ 8. ￿￿￿￿￿￿








)LYH￿\HDU DYHUDJHG 5&$ ￿ ￿

























)LJXUH ￿￿ ’HYLDWLRQV RI 5&$ IURP ￿￿ 8. ￿￿￿￿￿￿








)LYH￿\HDU DYHUDJHG 5&$ ￿ ￿
























)LJXUH ￿￿ ’HYLDWLRQV RI 5&$ IURP ￿￿ 8. ￿￿￿￿￿￿








)LYH￿\HDU DYHUDJHG 5&$ ￿ ￿

























)LJXUH ￿￿ ’HYLDWLRQV RI 5&$ IURP ￿￿ 8. ￿￿￿￿￿￿








)LYH￿\HDU DYHUDJHG 5&$ ￿ ￿
























)LJXUH ￿￿ ’HYLDWLRQV RI 5&$ IURP ￿￿ 8. ￿￿￿￿￿￿








)LYH￿\HDU DYHUDJHG 5&$ ￿ ￿

























)LJXUH ￿￿ ’HYLDWLRQV RI 5&$ IURP ￿￿ 8. ￿￿￿￿￿￿
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￿ ￿ ￿ ￿ ￿ ￿￿ ￿￿ ￿￿ ￿￿ ￿￿ ￿￿D pruh frpsohwh 0 dowkrxjk djdlq lqirupdo 0 dqdo|vlv pd| eh fduulhg rxw iru wkh Xqlwhg Nlqjgrp
xvlqj Iljxuhv 50:1 Li wkh Xqlwhg Nlqjgrp zhuh lqfuhdvlqjo| vshfldolvlqj lq d vxevhw ri lqgxvwulhv/
rqh zrxog revhuyh UFD v|vwhpdwlfdoo| lqfuhdvlqj lq vshfl￿f vhfwruv dqg v|vwhpdwlfdoo| ghfuhdvlqj lq
rwkhuv1 Wkh glvwulexwlrq ri UFD zrxog wkhuhiruh h{klelw dq lqfuhdvlqj pdvv dw h{wuhph ydoxhv ri UFD1
D frpsdulvrq ri Iljxuhv 5 dqg : uhyhdov wkdw wkhuh lv qr hylghqfh ri dq lqfuhdvh lq wkh ghjuhh ri
lqwhuqdwlrqdo vshfldolvdwlrq lq wkh Xqlwhg Nlqjgrp1 Wkh vdph frqfoxvlrq krogv iru hdfk ri wkh rwkhu
J8 hfrqrplhv/ zlwk wkh h{fhswlrq ri Mdsdq1 Rqo| lq wkh odwwhu gr zh ￿qg hylghqfh ri dq lqfuhdvh lq
wkh ryhudoo ghjuhh ri lqwhuqdwlrqdo vshfldolvdwlrq> dq lqfuhdvh wkdw zdv qrw uhyhdohg e| wkh dqdo|vlv ri
vdpsoh vwdqgdug ghyldwlrqv lq Wdeoh 71
Lq Iljxuh ;/ Mdsdqhvh lqgxvwulhv duh rughuhg lq whupv ri lqfuhdvlqj ￿yh0|hdu dyhudjhg UFD iru wkh
shulrg 4<:307/ dqg ghyldwlrqv ri UFD iurp wkh ydoxh ri 4 duh judskhg1 Iljxuh < uh0rughuv lqgxvwulhv
lq whupv ri lqfuhdvlqj UFD iru wkh shulrg 4<<306/ dqg djdlq judskv wkh furvv0vhfwlrq glvwulexwlrq ri
UFD lq wkh irup ri ghyldwlrqv iurp d ydoxh ri 41 Dw wkh ehjlqqlqj ri wkh vdpsoh shulrg/ wkhuh zhuh d
odujh qxpehu ri Mdsdqhvh lqgxvwulhv zlwk ydoxhv ri UFD forvh wr 41 Wkxv/ gxulqj 4<:307/ wkhuh zhuh ;
lqgxvwulhv zlwk dq UFD ehwzhhq 31; dqg 415/ dqg rqo| 7 lqgxvwulhv zlwk dq UFD deryh 4151
Ryhu wlph/ UFD v|vwhpdwlfdoo| pryhv dzd| iurp ydoxhv ri 4/ dv Mdsdq surjuhvvlyho| vshfldolvhv lq
rqh vhw ri lqgxvwulhv dqg uhgxfhv lwv vshfldolvdwlrq lq dqrwkhu vhw ri lqgxvwulhv1 Wkxv/ gxulqj 4<<306/
wkhuh zhuh rqo| 5 lqgxvwulhv zlwk dq UFD ehwzhhq 31; dqg 415/ dqg ; lqgxvwulhv zlwk dq UFD deryh 4151
Wklv lqfuhdvh lq Mdsdq*v ghjuhh ri lqwhuqdwlrqdo vshfldolvdwlrq lv vhhq lq Iljxuhv ; dqg < e| d ghfuhdvh lq
wkh pdvv ri wkh glvwulexwlrq frqfhqwudwhg durxqg wkh {0d{lv1 Wklv wuhqg zdv revfxuhg lq wkh dqdo|vlv ri
vdpsoh vwdqgdug ghyldwlrqv e| wkh ghfolqh lq wkh ydoxh ri UFD lq wkh wzr lqgxvwulhv zkhuh Mdsdq kdv
wkh kljkhvw ohyhov ri UFD lq erwk 4<:307 dqg 4<<306= Vklsexloglqj dqg Rwkhu Wudqvsruw Htxlsphqw1
Wkh qh{w Vhfwlrq frqgxfwv d pruh irupdo hfrqrphwulf dqdo|vlv ri erwk wkh ghjuhh wr zklfk lqlwldo
sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq shuvlvw ryhu wlph dqg wkh h{whqw wr zklfk zh revhuyh fkdqjhv lq
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￿ ￿ ￿ ￿ ￿ ￿￿ ￿￿ ￿￿ ￿￿ ￿￿ ￿￿8 Hfrqrphwulf hvwlpdwlrq
Wklv Vhfwlrq hvwlpdwhv wkh irupdo prgho ri glvwulexwlrq g|qdplfv hfrqrphwulfdoo|1 Li wkh vsdfh ri
srvvleoh ydoxhv ri UFD lv glylghg lqwr p glvfuhwh fhoov/ wkh rshudwru SW lq htxdwlrqv +9, dqg +:,
ehfrphv dq p ￿p pdwul{ ri wudqvlwlrq suredelolwlhv/
￿| @ SW=￿|3￿ +;,
Wkh pdwul{ SW frqwdlqv hohphqwv s&,/ hdfk ri zklfk ghqrwhv wkh suredelolw| wkdw dq lqgxvwu| pryhv
iurp fhoo n wr fhoo o +zkhuh n>o 5i 4>===>pj, dqg zklfk pd| eh hvwlpdwhg e| frxqwlqj wkh qxpehu ri
wudqvlwlrqv rxw ri dqg lqwr hdfk fhoo1 Doo hpslulfdo hvwlpdwlrq zdv xqghuwdnhq xvlqj Gdqq| Txdk*v WVUI
hfrqrphwulfv sdfndjh1:Lq hdfk fdvh/ wkh erxqgdulhv ehwzhhq fhoov zhuh fkrvhq vxfk wkdw lqgxvwu|0|hdu
revhuydwlrqv duh glylghg urxjko| htxdoo| ehwzhhq wkh julg fhoov1
Lq rughu wr surylgh d ehqfkpdun djdlqvw zklfk wr frpsduh wkh uhvxowv iru lqglylgxdo hfrqrplhv/ zh
ehjlq e| srrolqj revhuydwlrqv dfurvv hfrqrplhv1 Lq vr grlqj/ zh dvvxph wkdw wkh vwrfkdvwlf surfhvv
ghwhuplqlqj wkh hyroxwlrq ri UFD lq hdfk hfrqrp| lv wkh vdph 0 dq dvvxpswlrq wkdw zloo eh uhod{hg
ehorz1 Wdeoh 8 suhvhqwv wkh hvwlpdwhg wudqvlwlrq suredelolw| pdwul{ iru wkh srrohg vdpsoh1 Wkh lqwhu0
suhwdwlrq ri wklv wdeoh lv dv iroorzv1 Wkh qxpehuv lq sduhqwkhvhv lq wkh ￿uvw froxpq duh wkh wrwdo qxpehu
ri lqgxvwu|0|hdu revhuydwlrqv ehjlqqlqj lq d sduwlfxodu fhoo/ zkloh wkh ￿uvw urz ri qxpehuv ghqrwhv wkh
xsshu hqgsrlqw ri wkh fruuhvsrqglqj julg fhoo1 Wkhuhdiwhu hdfk urz ghqrwhv wkh hvwlpdwhg suredelolw|
ri sdvvlqj iurp rqh vwdwh lqwr dqrwkhu1 Iru h{dpsoh/ wkh vhfrqg urz ri qxpehuv suhvhqwv +uhdglqj
dfurvv iurp wkh vhfrqg wr wkh ￿iwk froxpq, wkh suredelolw| ri uhpdlqlqj lq wkh orzhvw UFD vwdwh dqg
wkhq wkh suredelolw| ri prylqj lqwr wkh orzhu0lqwhuphgldwh/ kljkhu0lqwhuphgldwh dqg kljkhvw UFD vwdwhv
vxffhvvlyho|1 Wkh ￿qdo urz ri wkh xsshu vhfwlrq ri wkh wdeoh jlyhv wkh lpsolhg hujrglf glvwulexwlrq1 Lq
wkh orzhu vhfwlrq ri wkh wdeoh/ wkh rqh0|hdu wudqvlwlrq suredelolw| pdwul{ lv lwhudwhg ￿yh wlphv1
Wudqvlwlrq suredelolw| pdwulfhv duh dovr hvwlpdwhg iru hdfk ri wkh J8 hfrqrplhv lqglylgxdoo|1 Khuh/
zh doorz wkh vwrfkdvwlf surfhvv vkdslqj wkh hyroxwlrq ri UFD wr ydu| dfurvv hfrqrplhv1 Wkh uhvxowv ri
wklv hvwlpdwlrq duh suhvhqwhg lq Wdeoh 91 Wkh lqwhusuhwdwlrq ri wkh wdeohv lv gluhfwo| dqdorjrxv/ h{fhsw
wkdw wkh rqh0|hdu wudqvlwlrq suredelolw| pdwul{ lwhudwhg ￿yh wlphv lv qrz rplwwhg1 Vlqfh wkh erxqgdulhv
ehwzhhq julg fhoov duh fkrvhq vxfk wkdw lqgxvwu|0|hdu revhuydwlrqv duh glylghg urxjko| htxdoo| ehwzhhq
wkh fhoov/ hdfk julg fhoo fruuhvsrqgv dssur{lpdwho| wr d txduwloh ri wkh glvwulexwlrq ri UFD dfurvv
lqgxvwulhv dqg ryhu wlph1 Wkh ydoxhv ri hvwlpdwhg wudqvlwlrq suredelolwlhv fkdudfwhulvh wkh ghjuhh ri
prelolw| ehwzhhq gl￿huhqw txduwlohv ri wklv glvwulexwlrq1 Hvwlpdwhg ydoxhv ri wudqvlwlrq suredelolwlhv
forvh wr rqh dorqj wkh gldjrqdo duh lqglfdwlyh ri shuvlvwhqfh lq UFD glvwulexwlrq/ zkloh odujh r￿0gldjrqdo
whupv lpso| juhdwhu prelolw|1
4<Wdeoh 8= Wudqvlwlrq suredelolwlhv/ rqh0|hdu wudqvlwlrqv
Srrohg vdpsoh Xsshu hqgsrlqw
Qxpehu 319:3 31<48 41556 4
+93<, 31<3 3143 3133 3133
+937, 313< 31;6 313< 3133
+93:, 3133 313; 31;7 313:
+933, 3133 3133 3139 31<7
Hujrglf 31567 3157< 31577 315:6
4 ￿ wudqvlwlrqv lwhudwhg 8 ￿
31984; 315<5; 3138:7 31337<
315968 317<5; 315653 313754
31378< 315395 317;<5 3155:4
313366 313654 314<79 31:988
Wdeoh 9= Wudqvlwlrq suredelolwlhv/ rqh0|hdu wudqvlwlrqv
Iudqfh Xsshu hqgsrlqw
Qxpehu 31:76 4137: 41578 4
+447, 31;6 314: 3133 3133
+449, 3149 31:6 3143 3133
+44;, 3134 313< 31:< 3144
+447, 3133 3134 3144 31;<
Hujrglf 31599 3158; 31575 31567
Jhupdq| Xsshu hqgsrlqw
Qxpehu 31:73 31<<7 415:3 4
+454, 31;9 3147 3133 3133
+456, 3147 31;3 313: 3133
+453, 3133 3139 31;; 313:
+453, 3133 3133 313: 31<6
Hujrglf 31566 3156: 31598 31598
Mdsdq Xsshu hqgsrlqw
Qxpehu 31555 31:9; 41779 4
+455, 31<: 3136 3133 3133
+44<, 3138 31;7 3144 3133
+457, 3133 3146 31;6 3137
+44<, 3133 3133 3136 31<:
Hujrglf 31658 31544 314:< 315;9
Xqlwhg Nlqjgrp Xsshu hqgsrlqw
Qxpehu 31:6< 31<75 414:9 4
+456, 31<3 313< 3133 3134
+44<, 313; 31:; 3146 3133
+456, 3133 3148 31:5 3145
+44<, 3134 3133 3145 31;:
Hujrglf 31586 3159< 31568 31576
Xqlwhg Vwdwhv Xsshu hqgsrlqw
Qxpehu 3193; 31;:; 41476 4
+44;, 31;; 3145 3133 3133
+447, 3144 31:< 3144 3133
+448, 3133 3143 31;4 3143
+448, 3133 3133 3143 31<3
Hujrglf 3154: 31578 3159< 3159<
53Lq Iudqfh/ wkh suredelolw| ri prylqj rxw ri rqh julg fhoo diwhu rqh |hdu udqjhv iurp 44(05:(/ zkloh lq
wkh Xqlwhg Vwdwhv wkh vdph suredelolw| ydulhv iurp 43(054(1 Lwhudwlqj wkh rqh0|hdu wudqvlwlrq pdwul{
￿yh wlphv +qrw vkrzq lq Wdeoh :,/ wkh h{whqw ri prelolw| lv eurxjkw rxw pruh vwurqjo|= iru Iudqfh/
wkh suredelolw| ri uhpdlqlqj lq wkh vdph julg fhoo ryhu d ￿yh0|hdu shulrg udqjhv iurp 97( wr 6:(1
Wkxv/ wkh hvwlpdwhv lq Wdeoh 9 lpso| wkdw/ li dq lqgxvwu| ehjlqv lq wkh vhfrqg txduwloh ri wkh Iuhqfk
UFD glvwulexwlrq/ wkhuh lv d 6:( suredelolw| wkdw wkh lqgxvwu| zloo uhpdlq lq wklv txduwloh ri wkh UFD
glvwulexwlrq diwhu ￿yh |hduv1 Wklv surylghv hylghqfh ri prelolw| lq sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq
dqg frq￿upv wkh uhvxowv ri wkh lqirupdo dqdo|vlv lq wkh suhylrxv Vhfwlrq1
Frpsdulqj wkh hvwlpdwhg wudqvlwlrq suredelolw| pdwulfhv dfurvv frxqwulhv dqg zlwk wkh uhvxowv ri
wkh srrohg hvwlpdwlrq surylghv d ixuwkhu zd| ri hydoxdwlqj wkh ghjuhh ri prelolw| lq lqwhuqdwlrqdo
vshfldolvdwlrq sdwwhuqv ri lqglylgxdo J8 frxqwulhv1 D frpsdulvrq ri wkh gldjrqdo dqg r￿0gldjrqdo whupv
lq wkh vl{ hvwlpdwhg wudqvlwlrq suredelolwlhv uhyhdov wkdw Iudqfh dqg wkh Xqlwhg Nlqjgrp h{klelw wkh
juhdwhvw prelolw|/ zkloh Mdsdq glvsod|v wkh ohdvw1 Wklv frqfoxvlrq zrxog qrw eh gudzq iurp Wdeohv 5
dqg 6 dorqh/ dqg frq￿upv wkh olplwdwlrqv ri wkh lqirupdo dqdo|vlv wkdw zhuh srlqwhg rxw hduolhu1 E|
uhvwulfwlqj dwwhqwlrq vroho| wr zkhwkhu UFD ulvhv deryh ru idoov ehorz d ydoxh ri rqh/ rqh uxohv rxw ri
frqvlghudwlrq d zlgh udqjh ri lqwhuhvwlqj lqwhuqdwlrqdo wudgh g|qdplfv1
Wkh ￿qglqj wkdw prelolw| lv kljkhvw lq Iudqfh dqg wkh Xqlwhg Nlqjgrp/ dqg orzhvw lq Mdsdq lv
frq￿uphg zlwk wkh xvh ri irupdo lqglfhv ri prelolw| +vhh/ iru h{dpsoh/ Eduwkrorphz +4<:6,/ Vkruurfnv
+4<:;,/ Jhzhnh hw do1 +4<;9, dqg Txdk +4<<9e,,1 Wkhvh vhhn wr uhgxfh lqirupdwlrq derxw prelolw| lq
wkh pdwul{ ri wudqvlwlrq suredelolwlhv +SW, wr d vlqjoh vwdwlvwlf/ dqg Wdeoh : suhvhqwv wkh ydoxhv ri wkuhh
prelolw| lqglfhv iru wkh srrohg vdpsoh dqg wkh J8 hfrqrplhv vhsdudwho|1 Wkh ￿uvw ri wkhvh prelolw|
lqglfhv +P￿/ iroorzlqj Vkruurfnv +4<:;,, hydoxdwhv wkh wudfh +wu, ri wkh pdwul{> wkh vhfrqg +P2/ diwhu
Eduwkrorphz +4<:6,, suhvhqwv lqirupdwlrq rq wkh dyhudjh qxpehu ri fodvv erxqgdulhv furvvhg e| d
vhfwru ruljlqdoo| lq vwdwh n zhljkwhg e| wkh fruuhvsrqglqj sursruwlrqv ￿& ri wkh hujrglf glvwulexwlrq>
wkh wklug +P￿/ iroorzlqj Vkruurfnv +4<:;,, hydoxdwhv wkh ghwhuplqdqw +ghw,1;
Wdeoh := Prelolw| Lqglfhv iru wkh J8
Frxqwu| P4 P5 P6
Srrohg 31496 31454 31759
XN 31576 314;: 318<3
XV 3153: 31494 3184;
Iudqfh 31586 314<9 3193:
Jhupdq| 314:: 31468 31793
Mdsdq 31463 313;6 31693
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54D nh| dgydqwdjh ri wkh suhvhqw dssurdfk lv wkdw/ e| dqdo|vlqj wkh hyroxwlrq ri wkh hqwluh glvwulexwlrq
ri UFD/ zh duh deoh wr hydoxdwh wkh ghjuhh ri prelolw| wkurxjk doo srvvleoh ydoxhv ri UFD1W k x v /l w
lv qrw rqo| wkh ryhudoo ghjuhh ri prelolw| lq d wudqvlwlrq suredelolw| pdwul{ wkdw lv lqwhuhvwlqj/ exw dovr
wkh sdwwhuq1 Lq hdfk ri wkh J8 hfrqrplhv dqg lq wkh srrohg vdpsoh/ wkh r￿0gldjrqdo hohphqwv ri wkh
pdwul{ duh odujhvw lq wkh orzhu0 dqg xsshu0lqwhuphgldwh julg fhoov/ fruuhvsrqglqj wr juhdwhu prelolw| lq
w k hp l g g o hr iw k hUFD glvwulexwlrq1
Wkh sdwwhuq ri prelolw| lv sduwlfxoduo| lpsruwdqw iru xqghuvwdqglqj wkh hyroxwlrq lqwhuqdwlrqdo
vshfldolvdwlrq lq Mdsdq1 Wkh hvwlpdwhg suredelolwlhv ri prylqj rxw ri wkh orzhu0 dqg xsshu0lqwhuphgldwh
julg fhoov lq Mdsdq +fkdudfwhulvlqj wkh ghjuhh ri prelolw| lq wkh plggoh ri glvwulexwlrq, duh qrw glvvlplodu
wr wkrvh hvwlpdwhg iru wkh Xqlwhg Vwdwhv1 Zkdw lv qrwhzruwk| derxw Mdsdq lv wkh lpprelolw| lq wkh
orzhu dqg xsshu julg fhoov ri wkh hvwlpdwhg wudqvlwlrq suredelolw| pdwul{1 Wkxv/ prelolw| lq wkh fhqwuh ri
wkh glvwulexwlrq lv frpelqhg zlwk lpprelolw| dw wkh h{wuhphv1 Wkhuh lv d uhodwlyho| kljk suredelolw| ri
lqgxvwulhv prylqj rxw ri wkh orzhu0 dqg xsshu0lqwhuphgldwh julg fhoov/ exw/ rqfh lqgxvwulhv pryh lqwr wkh
orzhu dqg xsshu julg fhoov/ wkh| duh h{wuhpho| olnho| wr uhpdlq wkhuh1 Lw lv wklv frpelqdwlrq ri prelolw|
lq wkh fhqwuh ri wkh glvwulexwlrq dqg lpprelolw| dw wkh h{wuhphv/ wkdw lv gulylqj vrph ri pryhphqwv
lq UFD deryh dqg ehorz wkh ydoxh ri rqh lq Wdeoh 61 Wklv lv frq￿uphg li rqh uhshdwv iru Mdsdq wkh
dqdo|vlv xqghuwdnhq hduolhu iru wkh Xqlwhg Nlqjgrp lq Iljxuhv 5091
Wkh hpslulfdo ￿qglqj ri prelolw| lq sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq frqwudvwv zlwk wkh uhvxowv
ri d qxpehu ri wkhruhwlfdo prghov ri wudgh dqg jurzwk1 Lq wkh devhqfh ri lqwhuqdwlrqdo nqrzohgjh
vslooryhuv/ prghov ri hqgrjhqrxv whfkqrorjlfdo surjuhvv wkurxjk hlwkhu vhfwru0vshfl￿f ohduqlqj e| grlqj
+hj Nuxjpdq +4<;:,, ru uhvhdufk dqg ghyhorsphqw +U)G, +hj Jurvvpdq dqg Khospdq +4<<4,/ Fkdswhu
;, suhglfw wkdw lqlwldo vshfldolvdwlrq sdwwhuqv zloo ehfrph orfnhg0lq ryhu wlph1 Wklv fruuhvsrqgv wr
qr srwhqwldo iru whfkqrorj| wudqvihu lq wkh wkhruhwlfdo prgho ri Vhfwlrq 5 +￿￿ @3 ,1 Krzhyhu/ wkh
suhglfwlrq ri shuvlvwhqfh lq sdwwhuqv ri vshfldolvdwlrq lv fohduo| dw yduldqfh zlwk wkh gdwd1 Wklv vxjjhvwv
wkh lpsruwdqfh ri lqfrusrudwlqj lqwr wkhruhwlfdo prghov hfrqrplf irufhv fdsdeoh ri lqgxflqj fkdqjhv lq
lqwhuqdwlrqdo vshfldolvdwlrq ryhu wlph1 Wkhvh lqfoxgh nqrzohgjh vslooryhuv/ zklfk fruuhvsrqg wr ￿￿ A 3
lq wkh wkhruhwlfdo prgho ri Vhfwlrq 5 +vhh dovr Jurvvpdq dqg Khospdq +4<<4, +Fkdswhu :,,1 Lq prghov ri
lqwhuqdwlrqdo wudgh edvhg rq furvv0vhfwru gl￿huhqfhv lq idfwru lqwhqvlw| dqg furvv0frxqwu| gl￿huhqfhv lq
idfwru dexqgdqfh/ idfwru dffxpxodwlrq surylghv dq dgglwlrqdo h{sodqdwlrq iru fkdqjhv lq lqwhuqdwlrqdo
vshfldolvdwlrq ryhu wlph +vhh/ iru h{dpsoh/ Ilqgod| +4<:3,/ +4<<8,/ dqg Ghdugru￿ +4<:7,,1
Wkh hfrqrphwulf whfkqltxhv lpsohphqwhg lq wklv Vhfwlrq dovr |lhog lqirupdwlrq derxw fkdqjhv lq
hfrqrplhv* ghjuhh ri lqwhuqdwlrqdo vshfldolvdwlrq ryhu wlph +wkh hyroxwlrq ri wkh h{whuqdo vkdsh ri wkh
UFD glvwulexwlrq,1 Lwhudwlqj wkh hvwlpdwhg wudqvlwlrq suredelolw| pdwul{ iruzdugv lq wlph/ dqg doorzlqj
wkh qxpehu ri lwhudwlrqv wr whqg wrzdugv lq￿qlw|/ rqh rewdlqv wkh lpsolhg hujrglf ru vwdwlrqdu| UFD
55glvwulexwlrq wrzdugv zklfk sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq duh hyroylqj1 Wklv fruuhvsrqgv wr wkh
xqfrqglwlrqdo suredelolw| ri dq lqgxvwu| ehlqj lq d sduwlfxodu julg fhoo1 Li hfrqrplhv duh lqfuhdvlqjo|
vshfldolvlqj lq d vxevhw ri lqgxvwulhv/ wklv zloo eh uh hfwhg lq d srodulvdwlrq ri UFD wrzdugv h{wuhph
ydoxhv dqg wkh hphujhqfh ri d elprgdo glvwulexwlrq ri UFD1
Wkh ￿qdo urz ri hdfk sdqho ri Wdeohv 809 uhsruwv wkh hujrglf glvwulexwlrq lpsolhg e| hdfk wudqvlwlrq
suredelolw| pdwul{1 Lq wkh srrohg vdpsoh dqg irxu ri wkh ￿yh J8 hfrqrplhv +Iudqfh/ Jhupdq|/ wkh
Xqlwhg Nlqjgrp/ dqg Xqlwhg Vwdwhv,/ wkh hujrglf glvwulexwlrq lv dssur{lpdwho| xqlirup1 Iru wkhvh
hfrqrplhv/ wkhuh lv qr hylghqfh ri dq lqfuhdvh lq wkh ghjuhh ri lqwhuqdwlrqdo vshfldolvdwlrq ryhu wlph1
Wkh h{fhswlrq wr wklv sdwwhuq lv Mdsdq1 Wkh kljk shuvlvwhqfh lq wkh orzhu dqg xsshu julg fhoov qrwhg
deryh lv uhvsrqvleoh iru d srodulvdwlrq ri UFD wrzdugv h{wuhph ydoxhv dqg lpsolhv d elprgdo hujrglf
glvwulexwlrq1 Wkh uhvxowv ri wkh hfrqrphwulf hvwlpdwlrq wkhuhiruh frq￿up wkh hduolhu lqirupdo dqdo|vlv
ri wkh fkdqjlqj h{whuqdo vkdsh ri wkh UFD glvwulexwlrq lq Iljxuhv 50<1 Irupdo dqg lqirupdo dqdo|vhv
ri wkh hyroxwlrq ri wkh hqwluh glvwulexwlrq ri UFD rqo| uhyhdo hylghqfh ri dq lqfuhdvh lq wkh ghjuhh ri
lqwhuqdwlrqdo vshfldolvdwlrq lq Mdsdq1
Wkh whfkqltxhv lpsohphqwhg lq wklv Vhfwlrq pd| dovr eh xvhg wr h{dplqh zkhwkhu wkh vwrfkdvwlf
surfhvv ghwhuplqlqj wkh hyroxwlrq ri UFD dfurvv lqgxvwulhv lv wkh vdph lq hdfk ri wkh J8 hfrqrplhv1
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zkhuh s&, duh wkh hvwlpdwhg wudqvlwlrq suredelolwlhv/ ￿ s&, duh wkh suredelolwlhv ri wudqvlwlrq xqghu wkh
+nqrzq, qxoo dqg q&+w, ghqrwhv wkh qxpehu ri vhfwruv lq fhoo n dw wlph w1
Wkh whvw vwdwlvwlf lq htxdwlrq +<, pd| eh xvhg wr whvw wkh k|srwkhvlv wkdw wkh wudqvlwlrq suredelolwlhv
hvwlpdwhg iru dq lqglylgxdo J8 hfrqrp| duh wkh uhvxow ri d Gdwd Jhqhudwlrq Surfhvv +GJS, jlyhq
e| wkh wudqvlwlrq suredelolwlhv hvwlpdwhg iru wkh srrohg vdpsoh1 Iurp htxdwlrq +<,/ wklv whvw pd| eh
xqghuwdnhq iru hdfk vwdwh n @4 >===>p1 Ixuwkhupruh/ vlqfh wkh wudqvlwlrq suredelolwlhv duh lqghshqghqwo|
glvwulexwhg dfurvv vwdwhv/ zh pd| vxp ryhu vwdwhv dqg whvw wkh k|srwkhvlv wkdw/ iru doo vwdwhv n @4 >===>p/
wkh hvwlpdwhg wudqvlwlrq suredelolwlhv duh htxdo wr wkrvh xqghu wkh qxoo1 Wkh uhvxowlqj whvw vwdwlvwlf lv
dv|pswrwlfdoo| glvwulexwhg "2+p+p ￿4,,1
Lpsohphqwlqj wklv whvw surfhgxuh iru wkh J8 hfrqrplhv/ wkh qxoo wkdw wkh GJS lv jlyhq e| wkh pdwul{
ri wudqvlwlrq suredelolwlhv hvwlpdwhg iru wkh srrohg vdpsoh lv uhmhfwhg dw wkh 8( ohyho lq Iudqfh dqg wkh
Xqlwhg Nlqjgrp +wkh wzr prvw preloh hfrqrplhv,1 Wkh vdph k|srwkhvlv lv qrw uhmhfwhg dw frqyhqwlrqdo
ohyhov ri vwdwlvwlfdo vljql￿fdqfh lq Jhupdq|/ Mdsdq dqg wkh Xqlwhg Vwdwhv +wkrxjk wkh k|srwkhvlv lv forvh
wr uhmhfwlrq dw wkh 43( ohyho lq Mdsdq,1 Wkhvh uhvxowv vxjjhvw wkdw/ dv zhoo dv wkhuh ehlqj frqvlghudeoh
prelolw| lq sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq lq hdfk hfrqrp|/ wkhuh duh vljql￿fdqw gl￿huhqfhv lq
56lqwhuqdwlrqdo wudgh g|qdplfv dfurvv hfrqrplhv1<
Ilqdoo|/ zh xqghuwdnh d zkroh vhulhv ri hfrqrphwulf urexvwqhvv whvwv143Rxu uhvxowv duh urexvw wr doo ri
wkhvh whvwv1 Iluvw/ wkh vsdfh ri ydoxhv ri UFD zdv glylghg lqwr ￿yh fhoov udwkhu wkdq irxu dqg wudqvlwlrq
suredelolw| pdwulfhv zhuh uh0hvwlpdwhg1 Vhfrqg/ wkh wudqvlwlrq suredelolwlhv zhuh hvwlpdwhg doorzlqj
wudqvlwlrqv wr rffxu ryhu ￿yh0|hdu udwkhu wkdq rqh0|hdu shulrgv1 Wkh suredelolwlhv hvwlpdwhg ryhu ￿yh0
|hdu wudqvlwlrq shulrgv h{klelw vrph gl￿huhqfhv iurp wkh rqh0|hdu wudqvlwlrq suredelolwlhv lwhudwhg ￿yh
wlphv/ vxjjhvwlqj wkdw wkh hyroxwlrq ri UFD lv qrw ixoo| fkdudfwhulvhg e| d ￿uvw0rughu/ wlph krprjhqrxv
prgho1 Krzhyhu/ lq erwk fdvhv/ wkh uhvxowv vxjjhvwhg d eurdgo| vlplodu lqwhusuhwdwlrq wr wkdw jlyhq
deryh1
Wklug/ zh h{dplqh wkh vwdelolw| ri wkh hfrqrphwulf hvwlpdwhv ryhu wlph1 Wudqvlwlrq suredelolw|
pdwulfhv zhuh hvwlpdwhg vhsdudwho| iru wkh shulrgv 4<:30;4 dqg 4<;50<61 Iru erwk wkh srrohg vdpsoh
dqg hdfk ri J8 hfrqrplhv/ wkh qxoo k|srwkhvlv wkdw wkh pdwul{ ri wudqvlwlrq suredelolwlhv hvwlpdwhg
gxulqj hlwkhu +d, 4<:30;4 ru +e, 4<;50<6 lv wkh uhvxow ri d GJS jlyhq e| wkh pdwul{ ri wudqvlwlrq
suredelolwlhv hvwlpdwhg iru wkh ixoo vdpsoh +4<:30<6, fdqqrw eh uhmhfwhg dw wkh 8( ohyho1 Irxuwk/ zh
frqvlghu phdvxuhphqw huuru dqg wkh vhqvlwlylw| ri wkh uhvxowv wr revhuydwlrqv iurp dq| vlqjoh lqgxvwu|1
Dq lqgxvwu| lq doo J8 frxqwulhv zdv vhtxhqwldoo| h{foxghg iurp wkh vdpsoh dqg wudqvlwlrq suredelolw|
pdwulfhv zhuh uh0hvwlpdwhg1 Iru erwk wkh srrohg vdpsoh dqg hdfk ri wkh J8 hfrqrplhv/ wkh vdpsoh phdq
ri hdfk hohphqw ri wkh wudqvlwlrq suredelolw| pdwul{ dfurvv wkh 55 vhwv ri hvwlpdwlrq uhvxowv olhv forvh wr
wkh ydoxh hvwlpdwhg iru wkh ixoo vdpsoh lq Wdeohv 8091 Wkh vdpsoh vwdqgdug ghyldwlrq ri hdfk hohphqw
ri wkh wudqvlwlrq suredelolw| pdwul{ lv dq rughu ri pdjqlwxgh vpdoohu wkdq wkh hvwlpdwhg wudqvlwlrq
suredelolwlhv1
Iliwk/ wr dgguhvv wkh vhqvlwlylw| ri wkh uhvxowv wr wkh h{dfw ohyho ri vhfwrudo glvdjjuhjdwlrq hpsor|hg/
zh djjuhjdwh wkh irxu0gljlw lqgxvwulhv lq wkh vdpsoh wr wkh wkuhh0gljlw ohyho1 Wklv |lhogv 49 lqgxvwulhv/
frpsduhg zlwk wkh 55 lqgxvwulhv fodvvl￿fdwlrq xvhg lq wkh dqdo|vlv deryh +vhh Wdeoh D4 lq Dsshqgl{
D,1 Iru erwk wkh srrohg vdpsoh dqg hdfk ri wkh J8 hfrqrplhv/ wkhuh lv olwwoh fkdqjh lq wkh hvwlpdwhg
wudqvlwlrq suredelolwlhv1 Wkh qxoo k|srwkhvlv wkdw wkh pdwul{ ri wudqvlwlrq suredelolwlhv hvwlpdwhg iru
wkh 49 lqgxvwu| fodvvl￿fdwlrq lv wkh uhvxow ri d GJS jlyhq e| wkh pdwul{ hvwlpdwhg iru wkh 55 lqgxvwu|
fodvvl￿fdwlrq fdqqrw eh uhmhfwhg dw wkh 8( ohyho1
579 Frqfoxvlrq
Wkh wkhruhwlfdo olwhudwxuh rq wudgh dqg jurzwk hpskdvlvhv wkh g|qdplf qdwxuh ri frpsdudwlyh dgydq0
wdjh1 Krzhyhu/ pxfk ri wkh h{lvwlqj hpslulfdo olwhudwxuh lv frqfhuqhg zlwk vwdwlf sdwwhuqv ri lqwhuqdwlrqdo
wudgh1 Wklv sdshu sursrvhv dq hpslulfdo iudphzrun iru dqdo|vlqj wkh g|qdplfv ri lqwhuqdwlrqdo vshfldo0
lvdwlrq1 Wkh h{whqw ri d frxqwu|*v vshfldolvdwlrq lq dq lqglylgxdo lqgxvwu| lv phdvxuhg e| d prgl￿hg
lqgh{ ri Uhyhdohg Frpsdudwlyh Dgydqwdjh +UFD,1 D frxqwu|*v sdwwhuq ri lqwhuqdwlrqdo vshfldolvdwlrq
dw d srlqw lq wlph lv wkhq ixoo| fkdudfwhulvhg e| wkh glvwulexwlrq ri UFD dfurvv lqgxvwulhv1 Wkh g|qdplfv
ri lqwhuqdwlrqdo vshfldolvdwlrq fruuhvsrqg wr wkh hyroxwlrq ri wklv hqwluh furvv0vhfwlrq glvwulexwlrq ryhu
wlph1 Zh hpsor| d prgho ri glvwulexwlrq g|qdplfv/ lqwurgxfhg lqwr wkh furvv0frxqwu| jurzwk olwhudwxuh
e| Txdk +4<<6,/ +4<<9d,/ dqg +4<<9f,/ dqg wkdw lv h{solflwo| vxlwhg wr dq dqdo|vlv ri wkh hyroxwlrq ri dq
hqwluh glvwulexwlrq1
Wkh sdshu h{dplqhv wzr pdlq lvvxhv uhodwlqj wr lqwhuqdwlrqdo wudgh g|qdplfv= wkh h{whqw wr zklfk
lqlwldo sdwwhuqv ri vshfldolvdwlrq shuvlvw ryhu wlph +dq lvvxh ri lqwud0glvwulexwlrq g|qdplfv, dqg fkdqjhv lq
frxqwulhv* ryhudoo ghjuhh ri vshfldolvdwlrq+wkh hyroxwlrq ri wkh h{whuqdo vkdsh ri wkh glvwulexwlrq ri UFD,1
D qxpehu ri gl￿huhqw vwudqgv ri wkh wkhruhwlfdo olwhudwxuh rq g|qdplf frpsdudwlyh dgydqwdjh |lhog
dpeljxrxv frqfoxvlrqv frqfhuqlqj zkhwkhu sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq h{klelw shuvlvwhqfh
ru prelolw| ryhu wlph1 Wklv lv wkhuhiruh dq hpslulfdo txhvwlrq1 Wkh hpslulfdo iudphzrun suhvhqwhg lq
wkh sdshu lv frqvlvwhqw zlwk d zlgh udqjh ri srvvleoh lqwhuqdwlrqdo wudgh g|qdplfv/ dqg doorzv wkh ghjuhh
ri shuvlvwhqfh yhuvxv prelolw| wr eh ghwhuplqhg iurp revhuyhg wudgh gdwd1
Wkh hpslulfdo prgho ri lqwhuqdwlrqdo wudgh g|qdplfv lv lpsohphqwhg xvlqj lqgxvwu|0ohyho gdwd iurp
wkh J8 hfrqrplhv1 Wudqvlwlrq suredelolw| pdwulfhv zhuh hvwlpdwhg iru erwk wkh srrohg vdpsoh +srrolqj
revhuydwlrqv rq UFD dfurvv hfrqrplhv, dqg iru hdfk ri wkh lqglylgxdo J8 frxqwulhv1 Zh ￿qg hylghqfh ri
vxevwdqwldo prelolw| lq sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq/ dqg wkh h{whqw ri prelolw| lq lqglylgxdo
J8 frxqwulhv zdv txdqwl￿hg xvlqj irupdo lqglfhv ri prelolw|1 Ryhudoo prelolw| zdv irxqg wr eh kljkhvw
lq Iudqfh dqg wkh Xqlwhg Nlqjgrp dqg orzhvw lq Mdsdq1
Wkh hpslulfdo ￿qglqj ri vxevwdqwldo prelolw| lq sdwwhuqv ri lqwhuqdwlrqdo vshfldolvdwlrq frqwudvwv
zlwk wkh uhvxowv ri d qxpehu ri wkhruhwlfdo prghov ri wudgh dqg jurzwk1 Lq wkh devhqfh ri lqwhuqdwlrqdo
nqrzohgjh vslooryhuv/ prghov ri hqgrjhqrxv whfkqrorjlfdo surjuhvv wkurxjk hlwkhu vhfwru0vshfl￿f ohduqlqj
e| grlqj ru uhvhdufk dqg ghyhorsphqw +U)G, suhglfw wkdw lqlwldo vshfldolvdwlrq sdwwhuqv zloo ehfrph
orfnhg0lq ryhu wlph1 Wkh idfw wkdw wklv suhglfwlrq lv dw yduldqfh zlwk wkh gdwd vxjjhvwv wkh lpsruwdqfh ri
lqfrusrudwlqj lqwr wkhruhwlfdo prghov irufhv vxfk dv nqrzohgjh vslooryhuv dqg idfwru dffxpxodwlrq/ zklfk
duh fdsdeoh ri jhqhudwlqj fkdqjhv lq lqwhuqdwlrqdo vshfldolvdwlrq ryhu wlph +vhh/ iru h{dpsoh/ Jurvvpdq
dqg Khospdq +4<<4, +Fkdswhu :,/ Ilqgod| +4<:3,/ +4<<8,/ dqg Ghdugru￿ +4<:7,,1
Li frxqwulhv duh lqfuhdvlqjo| vshfldolvlqj lq vxevhwv ri vhfwruv/ zh zrxog h{shfw wr revhuyh UFD
58v|vwhpdwlfdoo| lqfuhdvlqj lq vrph lqgxvwulhv dqg v|vwhpdwlfdoo| ghfuhdvlqj lq rwkhuv1 Wkdw lv/ zh zrxog
h{shfw wr revhuyh d srodulvdwlrq ri wkh UFD glvwulexwlrq wrzdugv h{wuhph ydoxhv1 Erwk d irupdo dqg
lqirupdo dqdo|vlv ri wkh hyroxwlrq ri wkh hqwluh glvwulexwlrq ri UFD uhyhdohg qr hylghqfh ri dq lqfuhdvh
lq lqwhuqdwlrqdo vshfldolvdwlrq lq Iudqfh/ Jhupdq|/ wkh Xqlwhg Nlqjgrp dqg wkh Xqlwhg Vwdwhv1 Rqo|
lq Mdsdq/ lv wkhuh hylghqfh ri dq lqfuhdvh lq lqwhuqdwlrqdo vshfldolvdwlrq ryhu wlph/ gluhfwo| olqnhg wr wkh
h{wuhph lpprelolw| revhuyhg lq wkh wdlov ri wkh Mdsdqhvh UFD glvwulexwlrq1
Dsshqgl{ D
Wkh gdwd vrxufh iru wkh lqglfhv ri Uhyhdohg Frpsdudwlyh Dgydqwdjh lv wkh RHFG*v Elodwhudo Wudgh
Gdwdedvh +EWG,1 Wklv surylghv lqirupdwlrq rq wkh ydoxh ri h{sruwv dqg lpsruwv ehwzhhq wkh 56 RHFG
frxqwulhv dqg 48 sduwqhu hfrqrplhv1 Wkh sduwqhu frxqwulhv duh= Dujhqwlqd/ Eud}lo/ Fklqd/ F}hfk dqg
Vorydn Uhsxeolfv/ Krqj Nrqj/ Kxqjdu|/ Lqgld/ Lqgrqhvld/ Pdod|vld/ Ph{lfr/ Sklolsslqhv/ Vlqjdsruh/
Nruhd +Vrxwk,/ Wdlzdq dqg Wkdlodqg1 Dowkrxjk RHFG lpsruwv iurp dqg RHFG h{sruwv wr wkhvh
sduwqhu frxqwulhv duh lqfoxghg lq wkh gdwdedvh/ wudgh hqwluho| rxwvlgh wkh RHFG duhd +hj iurp rqh
sduwqhu frxqwu| wr dqrwkhu, lv qrw1 Wkh RHFG hvwlpdwhv wkdw <3(0<8( ri zruog wudgh lq jrrgv lv
lqfoxghg lq wkh gdwdedvh1 Lqirupdwlrq lv dydlodeoh iru wkh 55 lqgxvwulhv olvwhg lq Wdeoh D41
Wdeoh D4= Lqgxvwuldo Fodvvl￿fdwlrq
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j UFD vx￿huv iurp wkh glvdgydqwdjh wkdw lwv dulwkphwlf phdq dfurvv vhfwruv lv qrw qhfhvvdulo| htxdo wr
rqh1 Wkh qxphudwru lq htxdwlrq +43, lv xqzhljkwhg e| wkh sursruwlrq ri wrwdo h{sruwv dffrxqwhg iru e|
d jlyhq vhfwru/ zkloh wkh ghqrplqdwru lv d zhljkwhg vxp ri h{sruw vkduhv lq doo pdqxidfwxulqj vhfwruv1
Wkxv/ li dq hfrqrp|*v sdwwhuq ri wudgh lv fkdudfwhulvhg e| kljk h{sruw vkduhv lq d ihz vhfwruv/ hdfk ri
zklfk dffrxqwv iru d vpdoo vkduh ri wrwdo zruog h{sruwv +dv lv jhqhudoo| wuxh iru vpdoo hfrqrplhv,/ wklv
lpsolhv kljk ydoxhv iru wkh qxphudwru dqg orz ydoxhv iru wkh ghqrplqdwru lq htxdwlrq +43,1 Dv d uhvxow/
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